One model for the development of hybrid shear fractures is transitional±tensile fracture propagation, a process described as the in-plane propagation of a crack subject to a shear traction while held open by a tensile normal stress. Presumably, such propagation leads to a brittle structure that is the hybrid of a joint and a shear fracture. Crack±seal veins with oblique ®bers are possible candidates. While these veins clearly show shear oset, this is not conclusive evidence that a shear traction was present at the time of initial crack propagation. Many recent structural geology textbooks use a parabolic Coulomb±Mohr failure envelope to explain the mechanics of transitional±tensile fracturing. However, the laboratory experiments cited as demonstrating transitional±tensile behavior fail to produce the fracture orientation predicted by a parabolic failure envelope. Additional attempts at veri®cation include ®eld examples of conjugate joint sets with small acute angles, but these conjugate joints form neither simultaneously nor in the stress ®eld required by the transitional±tensile model. Finally, linear elastic fracture mechanics provides strong theoretical grounds for rejecting the notion that individual cracks propagate in their own plane when subject to a shear traction. These observations suggest that transitional±tensile fracture propagation is unlikely to occur in homogeneous, isotropic rock, and that it is not explained by a parabolic Coulomb±Mohr failure envelope as several recent structural geology textbooks have suggested. #
Introduction
Most structural geologists recognize two types of brittle fractures: joints and shear fractures. A common perception promulgated in many recent structural geology textbooks is that joints and shear fractures are the end members of a spectrum of brittle fracture types, and that some fractures are a hybrid of both end members (cf. Hancock, 1985) . Such fractures presumably open as tensile cracks and simultaneously propagate in the same plane while subject to a shear traction. As an example, Price and Cosgrove (1990) show a vein for which``it is clear that the planar fracture developed in hybrid extension and shear failure'' (Fig. 1) . Similar fractures are known by a variety of names: oblique shear fractures (Dennis, 1972) , hybrid shear fractures, conjugate hybrid joints, conjugate shear joints (Hancock, 1985) , joints formed in the transitional tensile ®eld (Suppe, 1985) , hybrid shear/dilational fractures (Price and Cosgrove, 1990) , hybrid members or hybrid joints (Bahat, 1991) , mixed-mode fractures (Twiss and Moores, 1992) , fractures that are a combination of extension and shear (Davis and Reynolds, 1996) , and transitional±tensile fractures (van der Pluijm and Marshak, 1997) . van der Pluijm and Marshak (1997) noted that``Most fracture specialists claim that transitional±tensile fractures do not occur in nature, and point out that no experiments have yet clearly produced transitional±tensile fractures in the lab.'' The purpose of this short paper is to amplify on their comment about transitional±tensile fracture propagation and to move the structural geology community toward a clearer understanding of the nature of hybrid shear fracturing.
The hybrid shear fracture hypothesis has its origin more than a half century ago when engineers observed that the Coulomb±Mohr failure envelope was concave to the normal stress axis (Leon, 1934) . Laboratory tests con®rm this behavior for rocks subject to compressive stresses (Fig. 2) . Furthermore, a parabolic fail-ure envelope and its extension into the tensile ®eld of the Mohr diagram are the natural consequence of the criterion for shear failure as derived by Grith (1924) :
where T 0 is the uniaxial tensile strength of a rock and s i are the principal stresses (for a more complete derivation see Murrell, 1958; Jaeger and Cook, 1969, p. 95) . By 1950, engineers presumed that the Coulomb± Mohr failure envelope could be extended above the tensile portion of the normal-stress axis to intersect that axis (Nadai, 1950) . Later in this same period, Brace (1960) warns that,``A common misconception is that the Grith theory predicts the orientation 1 of the macroscopic fractureF F FIt does not predict how the critical crack will propagate''. I interpret`how' to refer to the propagation path of the critical crack once propagation is initiated. Brace (1960) is telling the geological community that the Grith equation is not useful for understanding transitional±tensile behavior.
The issue, of course, is whether drawing the parabolic envelope into the tensile portion of the Mohr diagram is a legitimate representation of the fracture propagation process. This presents a challenge because the tensile portion of the Mohr diagram is extraordinarily dicult to investigate with experimental techniques. Handin and Hager (1957) and Price (1958) oer implicit opinions on the behavior of internal friction for clastic rocks subject to at least one component of tensile stress (Fig. 2) . At the time, scientists hoped that the curved Coulomb±Mohr failure envelope would provide a uni®ed failure criterion that encompassed both jointing and shear fracturing (Muehlberger, 1961) . The intersection point on the normal-stress axis was de®ned by the tensile strength of a rock and served as the failure criterion leading to joint propagation. Most modern structural geology textbooks, even those that do not explicitly discuss transitional±tensile fracturing (e.g. Hobbs et al., 1976; Hatcher, 1990) , draw the Coulomb±Mohr envelope as a concave line crossing into the tensile normal-stress ®eld and intersecting the normal-stress axis as if it had a strong physical connection to the orientation of brittle fracture propagation under transitional±tensile stress conditions.
Transitional±tensile fracture propagation
Structural geologists and geological engineers have traditionally looked to four sources for veri®cation and understanding of structures: the laboratory, the ®eld, petrofabrics, and theory. In general, present understanding of transitional±tensile fracture propagation is based on the empirical Coulomb±Mohr envelope. Speci®cally, present geological doctrine holds that the parabolic envelope stemming from Grith's equation [Eq. (1); Grith, 1924 ] is a valid failure criterion in the tensile normal-stress ®eld of the Mohr diagram. An auxiliary notion is that the 2y angle de®ned by the intersection of the Mohr circle and the Coulomb±Mohr failure envelope predicts the orientation of transitional±tensile fracture propagation. For laboratory veri®cation of transitional±tensile fracture propagation, Hobbs et al. (1976) , Paterson (1978) , Hoek and Bray (1981) , and Suppe (1985) all point to a series of extension experiments by Brace (1964) . Because the empirical veri®cation of transitional±ten-sile fracturing depends on this single suite of experiments, it is worthwhile to review Brace's results.
The Brace experiments were axial extension tests using a dog-bone-shaped sample with a thin waist and thick ends, which allows for the generation of an axial tension while the sample is subject to a con®ning pressure. Granite, quartzite, diabase, and two dolomites were tested, with two to four samples of each specimen subjected to an axial tension at failure while under a con®ning pressure (a total of 15 experiments 2 ). Six of these samples fractured at a tensile stress signi®-cantly less than the predicted uniaxial tensile strength (i.e. stress conditions under which transitional±tensile fracture propagation or at least hybrid shear fracturing should have occurred). Three of these six samples failed normal to the direction of axial tension (i.e. the fracture was a common joint), and the other three failed on surfaces whose normals were 48, 58 and 68 from the direction of axial tension (i.e. these failure surfaces are candidates for transitional±tensile fracture propagation). The remaining seven samples failed as common joints normal to axial tension and at axial stresses close to the uniaxial tensile strength of the specimen.
The parabolic Coulomb±Mohr failure envelope is a reasonable predictor of fracture angles in samples that fail under compression (i.e. axial shortening tests; e.g. Handin, 1969) . This success, coupled with the transformation of the Grith equation to a parabolic failure envelope, gave structural geologists hope that the projection of the failure envelope into the tensile portion of the normal stress ®eld had physical signi®cance when it came to predicting fracture orientation during transitional±tensile behavior (e.g. Muehlberger, 1961) . However, as Brace (1964) shows, the theoretical failure Handin and Hager (1957) for the Green River Shale, and from Price (1958) for the Pennant and Darley Dale sandstones.
angle during transitional±tensile behavior is signi®-cantly larger (I138 for diabase) than observed in the samples subject to stress conditions favoring transitional±tensile fracture propagation (Fig. 3) . In other words, Brace's laboratory tests failed to produce transitional±tensile fractures when such behavior was predicted by theory. Even if we are generous and declare that transitional±tensile behavior has occurred when any non-zero failure angle is produced [Brace (1964) did not make such a claim], the success rate is only 50%, a rate that should make experimentalists skeptical.
The ®eld evidence cited by Muehlberger (1961) as supporting transitional±tensile behavior includes thè conjugate' joint sets described by Parker (1942) from the Appalachian Plateau, New York. This particular conjugate pattern arises from non-synchronous joint propagation (e.g. Younes and Engelder, 1999) and hence, fails to support the transitional±tensile mechanism. Dennis (1972) cites conjugate joint sets mapped by Ziony (1966) in Permian sandstone of the Monument Upwarp, Utah, as ®eld evidence for transitional±tensile behavior. While some of the Permian sandstone beds over Comb Ridge have`conjugate' joint sets, many cross-cut at an angle that is too large for transitional±tensile behavior (Ziony, 1966) . Joint sets with angular relationships consistent with transitional±tensile fracture propagation are easy to ®nd in the ®eld (e.g. Hancock, 1985) but proving that they propagated simultaneously with positive wall dilation is dicult. Alternatively, ®eld evidence for out-ofplane propagation of joints and dikes subject to a shear traction is abundant (e.g. Muller and Pollard, 1977; Olson and Pollard, 1989; Cruikshank et al., 1991) . Perhaps only those joints described by Hancock (1986) as a joint spectrum remain as potential candidates for transitional±tensile behavior.
There is no doubt that many veins open with a component of shear displacement (e.g. Cox, 1987) . Price and Cosgrove (1990; their ®g. 2. 2) show such a vein when taking issue with the de®nition of joints oered by Griggs and Handin (1960) as dilational features that exhibit no shear. The issue is whether a vein showing shear oset initiated as such within an isotropic, homogeneous rock, and then propagated in its own plane while that plane was subjected to a shear couple as well as an eective crack-normal tension. Unfortunately, a petrographic thin section of a vein oers no conclusive evidence that the initial crack propagation was in-plane while that plane was subjected to a shear stress. The alternative interpretation is that the shear oset re¯ects a reorientation of the stress ®eld after the initial in-plane propagation, an interpretation that Price and Cosgrove (1990) accept as valid.
Another reason why crack±seal veins may not be of Fig. 3 . The Coulomb±Mohr failure envelope for diabase drawn from seven experiments at various con®ning pressures (adapted from Brace, 1964) . Experiments 6 and 7 were subjected to stresses that should have produced transitional±tensile fracture propagation. Fracture angles of 188 and 138 were predicted whereas the samples failed at angles of 58 and 08, respectively. a transitional±tensile origin is that each cracking event may follow the boundaries of pre-existing veins, where large¯uid inclusions act as a stress guide to prevent each subsequent cracking episode from turning out-ofplane (Fisher, 1998, personal communication) . In this case, transitional±tensile behavior on recracking may depend on local inhomogeneities or an anisotropy at the boundary between the vein and the country rock. This is not the sort of situation used to develop the empirical parabolic failure envelope on the Mohr diagram. Linear elastic fracture mechanics (LEFM) is explicit in predicting crack propagation paths (e.g. Lawn, 1993) , and has been successfully applied to explain the geometry of joint propagation (Pollard and Segall, 1987) . LEFM predicts that a crack subjected to a shear traction, as is required for transitional±tensile behavior, does not propagate in its plane but rather curves to seek the orientation of maximum circumferential stress (Erdogan and Sih, 1963) , maximum strain energy release (Hussain et al., 1974) , and minimum strain energy density (Sih and MacDonald, 1974) . According to the theory, shear stress on a crack increases the crack-tip stress intensity, so that less tensile normal stress is required for crack propagation (Ingraea, 1987) . It was apparently the increase in shear stress on microcracks that led to failure of several of Brace's samples (Brace, 1964) at tensile stresses less than the uniaxial tensile strength. To understand the eect of shear stress on crack propagation, Brace and Bombolakis (1963) ran a series of experiments showing that when cracks were subjected to a shear traction, subsequent propagation was out of plane, as is predicted by linear elastic fracture mechanics. Recent experiments continue to verify the tendency for out-of-plane crack propagation when the crack is subject to a shear traction (e.g. Cooke and Pollard, 1996) .
The hybrid shear fracture
Even though transitional±tensile behavior is unlikely as a mechanism for in-plane propagation of fractures subject to a shear traction, a class of fracture with dihedral angles of less than 608, the hybrid shear fracture (cf. Hancock, 1985) , still requires explanation. One model for hybrid shear fracture results from a stepped crack geometry (Reches and Lockner, 1994) . Contours of stress intensity extend from a crack tip in a pattern that resembles a pair of rabbit ears (Fig. 4) . At a given distance from a crack tip, the point of maximum stress intensity is located about 308 from the plane of the crack. The line connecting these points of maximum stress intensity is known as an M curve (Reches and Lockner, 1994) . If two cracks are positioned such that they sit in the path of each other's M curve, the pair generate a combined M curve that acts on a third crack with greater normal stress than exerted by a single crack on a neighbor. Therefore, a third stepped crack in a train of en eÂ chelon cracks would be more easily dilated than the second crack. If this behavior cascades along a string of stepped cracks, a fault zone can rapidly develop. Reches and Lockner (1994) demonstrate that the angle of a fault zone with respect to s 1 is a function of crack spacing, S, and the crack length, L (Fig. 4) . They predict an angle y between the plane of faulting and s 1 y tan
where a M is the angle between s 1 and the M curve. y may range from 08 for SaL 0, to 348 for SaL b 5. For hybrid shear fracturing with y`208 (i.e. a dihedral Fig. 4 . The stress concentration at the tip of a crack showing contours of stress intensity near the tip (adapted from Reches and Lockner, 1994) . See text for details.
angle of 408), SaL`0X5. Fractures with this ratio are found in granite (Engelder, 1989) . Granites such as those of New England fracture in a series of congruent steps several mm to 2 cm in height and spaced 5±30 cm apart (Engelder, 1989) . Treads of these steps are indistinguishable from the spectrum of relatively smooth surfaces characteristic of joints. Each step makes the same angle with the plane of the host fracture. In a cross-section through the host fracture, these steps have the form of en eÂ chelon cracks, and in three dimensions, this step-like morphology has the characteristic of a fault with pinnate joints. In some instances, the pinnate joints have opened slightly to give a visible shear oset to the host fracture. Within the Mount Desert Island granite, Maine, the angle, y, between stepped cracks and fault varies from as little as 38 on some faults to as much as 188. These faults qualify as hybrid shear fractures as de®ned by Hancock (1985) .
For the hybrid shear fractures of the Mount Desert Island granite, the ratio, S/L, can be as low as 0.066 (Fig. 5) . This ratio gives a fault inclination of about 3.58 as predicted from the theory of Reches and Lockner (1994) . Unlike the parabolic Coulomb±Mohr envelope, the stepped-crack model is consistent with the development of hybrid shear fracture and suitable for predicting the angle between fault zone and s 1 . The disadvantage of this model is the lack of any direct correlation between the angle of faulting and absolute stress or stress dierence. The angle of faulting is dictated by the ratio, S/L.
Conclusions
The score card on validating transitional±tensile fracture propagation in an isotropic, homogeneous rock is discouraging. The appropriate theory (i.e. linear elastic fracture mechanics) predicts that it does not happen. The laboratory tests of Brace (1964) , which have been traditionally cited as veri®cation for the transitional±tensile model, oer little hope that these structures can be produced in the laboratory. Traditional ®eld examples of transitional±tensile fracture propagation (i.e. conjugate joint sets of low dihedral angle) are now mapped as multiple jointing events. Petrofabric evidence (i.e. shear oset across veins) cannot unambiguously indicate initial in-plane propagation of a crack subject to a shear couple, as is required by the transitional±tensile model. Despite these caveats, transitional±tensile behavior does remain a viable description for the growth of veins with oblique ®bers, but these are fractures guided by a strong anisotropy.
The case for hybrid shear fracturing is robust as long as it is understood that such fractures arise from the interaction of stepped cracks, as also happens during conventional shear fracturing at dihedral angles of about 608. However, there appears to be no universal failure criterion for predicting the angle of faulting for hybrid shear fractures in the tensile ®eld of the Mohr diagram. This result is dierent from the case for shear fracturing in the compressional ®eld, where the Coulomb±Mohr envelope appears to be eective as a ®rst-order estimation of faulting angle. Despite its inability to predict the angle of faulting, the Coulomb± Mohr envelope is still a valid predictor of failure stress in the tensile ®eld, as shown by Brace's experiments (Brace, 1964) .
In summary, reference to the parabolic portion of the Coulomb±Mohr envelope over the tensile portion of the normal-stress axis is ill-advised for prediction of fracture propagation by the transitional±tensile model. If crack±seal veins with oblique ®bers remain as candidates for transitional±tensile fracturing, they may be cracks guided by an inhomogeneous, anisotropic material, a process much dierent from that expressed by Coulomb±Mohr failure. Reches and Lockner, 1994) . Data from the Mount Desert Island granite (Engelder, 1989) are plotted as a test of the stepped-crack theory for the development of hybrid shear fractures.
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